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SUMMARY 


The  purpose  of  this  research  program  is  the  development  of  high 
brightness  field  emission  sources  of  both  tons  and  electrons  suitable 
for  use  in  information  storage  systems.  In  particular,  field  electron 
sources  of  various  types  of  materials  and  modes  of  operation  along 
with  gas  phase  and  liquid  film  field  ionization  sources  are  being 
examined . 

Fabrication  procedures  for  producing  single  crystal  emitters  of 
lanthanum,  cerium  and  samarium  hexaboride  have  been  developed.  Field 
electron  emission  characteristics  such  as  energy  distribution,  noise, 
emitter  life,  and  I(V)  characteristics  are  being  examined.  Improved 
methods  of  fabricating  existing  thermal-field  electron  sources  such 
as  the  zirconium  coated  tungsten  source  are  also  being  developed. 

A new  type  of  electron  emission  source  employing  liquid  gallium 
formed  into  a cone-shaped  structure  by  an  applied  electric  field 
appears  capable  of  very  intense  electron  emission.  Thus  far  only  a 
pulsed  mode  of  emission  has  been  observed  with  extraordinary  high 
peak  currents  of  50  to  100  A in  10  nsec  pulses. 

Source  configuration  development  and  emission  characteristic 
studies  have  been  carried  out  for  gas  phase  field  ionization  using 
hydrogen.  A source  brightness  of  ~ 10^  A sr“^  cm“^  has  been  measured 
for  H2^  and  Ar  at  an  emitter  temperature  of  77  K and  pressure 
of  1 X 10  2 torr.  Angular  intensities  for  both  sources  are  the  order 
of  5 X 10"^  A/torr-sr. 


ill 


A liquid  metal  field  evaporation  source  employing  liquid  gallium 
In  a source  configuration  similar  to  that  used  In  the  electron  emission 
studies  exhibited  a very  large  (ca.  10  to  100  pA)  and  stable  Ion  current 
of  Ga^.  This  source  looks  very  promising  as  a high  brightness  source 
of  Ga^  Ions  and  has  been  studied  In  greater  detail  during  the  past 
quarter. 


1 


TABLE  OF  CONTENTS 

INTRODUCTION 

THEORETICAL  CONSIDERATIONS 
EXPERIMENTAL 
EXPERIMENTAL  RESULTS 

Electron  Emission 
Ion  Emission 

DISCUSSION  AND  CONCLUSIONS 
Summary 

APPENDIX:  COMPUTER  PROGRAMS 
REFEREIICES 


i 

■j 

i 

i 

•1 

j 

i 

I 

1 


Page 

L 

4 

16 

37 

47 

62 

68 

76 

80 

92 


LIST  OF  ILLUSTRATIONS 


FIGURE  PAGE 

1.  Plot  of  total  current  for  a Ga  cone  vs  radius  based  7 

on  Eq.  14  with  c = 1.0. 

2.  Calculated  Equipotential  Lines  12 

3.  Diagram  of  initial  apparatus  used  to  study  liquid  Ga  17 

electron  and  ion  emission. 

4.  Diagram  of  emission  chamber  and  liquid  Ca  source  (a)  19 

modified  to  accept  the  gas  pressure  control  system  (b). 

5.  Circuit  employed  to  argon  ion  sputter  clean  the  needle.  21 

6.  Diagram  of  first  emission  chamber  and  liquid  Ga  source  22 

to  provide  stable  emission. 

7.  Diagram  of  emission  chamber  and  liquid  Ga  source  using  26 

high  Ga  resistant  materials. 

8.  Diagram  of  the  final  and  most  convenient  emission  chamber  28 

and  liquid  Ga  source  used. 

9.  Diagram  of  the  platinum  (a)  and  tungsten  (b) , (c)  and  30 

(d)  nozzle  configurations. 

10.  Top  and  side  view  photographs  of  W-2  nozzle  configuration.  31 

11.  Photograph  of  W-3  nozzle  configuration.  32 

12.  Circuits  employed  to  measure  the  field  emission.  33 

13.  Photograph  of  unsupported  liquid  Ga  cone  formed  on  W-1  39 

nozzle. 

14.  Cone  forming  with  too  little  Ga  on  Pt-  or  W-1  tip.  41 

15.  A stable  geometry  of  a truncated  cone  and  cylinder  formed  41 

with  excess  Ga  on  nozzle. 


vi 


i FIGURE  PAGE 


i FIGURE  PAGE 

‘ 16.  Proper  amount  Ga  on  W-2  nozzle  to  result  in  stable  41 

! emission  from  point  of  inserted  point. 

17.  Emission  from  small  cone  and  point  of  inserted  emitter  41 

simultaneously. 

18.  Proper  amount  of  Ga  to  obtain  stable  emission  from  W-3  42 

nozzle. 

19.  Photographs  of  W-3  nozzle  while  not  emitting  (a)  and  43 

during  electron  emission  (b) . 

20.  Photograph  of  W-3  nozzle  before  emission  experiment  46 

(a)  and  after  emission  experiment  (b). 

21.  Sharp  increase  in  average  current  caused  by  the  for-  48 

mation  of  multi-emission  sites. 

22.  A typical  electron  pulse  from  Pt.  W-1,  W-2  nozzles  49 

(a)  and  from  W-3  nozzle  (b). 

23.  Plot  of  the  pulse  rate  of  electron  emission  from  liquid  51 
Ga  vs  load  resistance  for  a power  supply  voltage  of 

12  kV. 

24.  Plot  of  pulse  rate  vs  power  supply  voltage  for  electron  52 


emission  from  liquid  Ga  using  a load  resistor  of  500  Mf2. 

25.  A photograph  of  voltage  and  of  trace  of  RC  charge  build  53 
up  on  tube  and  anode.  Time  base  is  1 m sec/div  and 
amplitude  is  10  kV/div. 

26.  Comparison  of  the  measured  electron  pulse  period  (a)  54 

and  calculated  pulse  period  (b)  for  a 500  MSJ  load 
resistance. 


FIGURE 


PAGE 


I 


t 

r 

t 


27.  Average  electron  emission  current  vs  voltage  for  various  56 
load  resistances. 

28.  Electron  emission  pulse  frequency  vs  voltage  for  various  57 
load  resistances. 

29.  A comparison  of  measured  average  current  (a)  and  calcu-  58 
lated  average  current  (b)  based  on  pulse  magnitude, 
duration  and  frequency  data. 

30.  Photograph  of  electron  emission  pattern.  60 

31.  A plot  of  D.C.  ion  current  vs  voltage  for  several  current  63 


limiting  resistances. 

32.  A plot  of  D.C.  ion  current  vs  increasing  voltage  and  64 

decreasing  voltage. 

33.  Photograph  of  ion  emission  pattern.  67 

34.  Apex  temperature  of  a Ga  cone  due  to  heating  by  energy  69 

exchanges  attending  field  emission  vs  apex  radius. 

35.  Apex  temperature  of  a Ga  cone  due  to  heating  by  bombard-  73 
ment  vs  apex  radius. 


viii 


LIST  OF  TABLES 


TABLE  PAGE 

O 

I Values  for  Several  Elements  of  r (A)  and  I /c  (yA)  9 

m m 

for  Sphere,  Cylinder,  and  a Cone 

II  Evaporation  Fields  for  Ion  Emission  from  Liquids  13 

III  Ratio  of  Surface  Electrostatic  Stress  at  Ion  Evaporation 
Field  Strengths  to  Theoretical  Stresses  Necessary  to 
Rupture  a Liquid  Column 

IV  Resistance  of  Materials  to  Attack  by  Gallium  25 

V Surface  Tension  of  Selected  Solids  27 

VI  Threshold  Voltages  for  Each  Nozzle  Configuration  37 

VII  Summary  of  Electron  Life  Tests  59 

VIII  Values  of  P/P  for  a Ga  Curved  Surface  of  Radius  r 74 

o 


ix 


INTRODUCTION 


This  report  describes  progress  made  during  the  second  3 month 
period  on  a research  program  aimed  at  the  development  of  high  bright- 
ness charged  particle  sources  suitable  for  use  In  Information  storage 
systems.  In  particular  the  charged  particle  source  and  focussing 
system  envisioned  for  this  application  must  be  capable  of  providing 
a particle  beam  with  sufficient  flux  density  and  smallness  of  size 
to  write  and/or  read  Information  at  less  than  0.1  ym  resolution  and 
at  a rate  of  ~ 10^  blts/sec.  Because  such  requirements  place  a 
severe  limit  on  the  brightness  requirements  of  the  particle  source, 
very  few  sources  remain  In  contention  as  a viable  option  for  such  a 
memory  system. 

The  primary  aim  of  this  research  program  Is  to  evaluate  high 
brightness  field  emission  sources  with  respect  to  their  potential 
for  satisfying  the  above  mentioned  requirements  for  a particle  source. 

In  view  of  the  fact  that  present  high  density  archival  memory  schemes 
Include  both  Ion  and  electron  beams  this  research  will  be  examining 
field  Ionization  (FI)  as  well  as  field  electron  (FE)  sources. 

Specifically  this  research  Is  divided  Into  the  two  following 
major  tasks: 

(1)  Field  Electron  Source  Development 

and 

(2)  Field  Ionization  Source  Development 

In  each  task  new  source  materials  and  modes  of  operation  will  be  developed 


i 

( 


1 
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coupled  with  detailed  evaluation  of  emission  characteristic  properties. 

In  addition,  some  effort  will  be  devoted  to  the  further  development  of  j 

existing  FE  sources.  | 

In  this  report  we  concentrate  on  the  results  of  the  investigation 
of  both  electron  and  ion  emission  from  the  liquid  galllum/indlum  alloy 
source.  The  ion  results  look  particularly  encouraging  in  that  an 
angular  intensity  almost  ~ 1000  times  larger  than  the  gas  phase  FI 
source  has  been  measured. 

The  technique  involves  feeding  liquid  metal  to  the  tip  of  a small 
capillary  tube  (usually  between  .02  mm  and  .10  mm  ID)  and  applying  a 
voltage  between  the  tip  and  an  extractor  electrode.  The  interaction 
of  the  electrostatic  and  surface  tension  forces  causes  the  liquid 
metal  meniscus  to  form  a sharply  peaked  cone.  The  fields  at  the  liquid 
metal-vacuum  interface  near  the  cone  apex  are  sufficiently  high  to  ex- 
tract ions  or  electrons  depending  on  the  field  polarity. 

In  recent  years  the  EHD  technique  has  been  used  to  investigate 
12  3 4 

ion  emission  from  Ga,  Cs  ’ and  Ga-In  alloy.  These  studies  show 

the  electrohydrodynamic  (EHD)  liquid  metal  ion  source  to  have  ex- 

I cellent  potential  as  a high  brightness  ion  source.  Investigation  of 

electron  emission  from  liquid  metals  has  only  been  briefly  mentioned 
2 

by  Clampltt  in  a Cs  ion  emission  study  report. 

In  this  study  the  EHD  technique  was  used  to  study  both  electron 
emission  and  ion  emission  from  liquid  Ga.  For  electron  emission  the 
field  emission  model  and  for  ion  emission  the  field  evaporation  model 
are  used  to  describe  the  liquid  metal  emission  process.  The  actual 


2 


process  is  complex  and  is  not  a pure  field  emission  process.  However, 
the  liquid  metal  emission  mechanism  appears  to  be  Initiated  by  field 
emission  for  electron  emission  and  by  field  evaporation  for  ion 


emission. 
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THEORETICAL  CONSIDERATIONS 


A novelty  of  liquid  metal  field  emission  source  Is  that  the 
emitter  geometry  Is  formed  by  the  application  of  a high  electro- 
static field.  It  Is  hypothesized  that  the  liquid  metal  forms  a 
conical  geometry  where  the  electric  field  near  the  apex  Is  suf- 
ficiently large  to  field  evaporate  Ions.  The  formation  of  conical 

geometries  when  a liquid  surface  Is  subject  to  a high  electric  field 

4 5 

has  been  experimentally  demonstrated  ’ and  can  lead  to  Intense  Ion 
or  electron  emission  depending  on  the  voltage  polarity. 

For  the  liquid  surface  to  exhibit  a stable  geometry  it  is  neces- 
sary for  the  electrostatic  stress,  normal  to  the  surface  to  be 
exactly  balanced  by  the  surface  tension,  forces.  Taylor^  has 
treated  this  problem  in  some  detail. 

The  electrostatic  stress  and  the  surface  tension  forces  are 


given  respectively  by 


f 

s 


\Pl  P2 


(1) 

(2) 


where  y is  the  surface  tension  and  pi  and  Po  are  the  principle  radii 
s 

of  curvature.  For  a sphere,  infinitely  long  cylinder,  and  a cone 
Eq.  (2)  becomes  respectively 

f (sphere)  = (3) 

s P 


Y- 

f (cylinder)  - (A) 

8 P 

Y coto 

f (cone)  * (5) 

s r 

where  p is  the  respective  radii • and  a is  the  half  cone  angle  and 
r is  the  distance  along  the  cone  axis  from  the  apex.  Combining  the 
above  equations  with  Eq.  (1),  the  conditions  for  equilibrium  between 
the  external  electrostatic  stress  and  the  Internal  surface  tension 
forces  are 


F (sphere)  = 4 
F (cylinder) 


fS 

■f?*) 

cota^ 


l/2 
1/2 
1/2 


(6) 

(7) 


F (cone)  = [ } (8) 

For  the  case  of  a cone,  the  angle  a must  be  found  such  that  Far“^/^. 
Taylor^  showed  that  this  occurred  only  if  a = 49.3®,  in  which  case 
Eq.  (8)  becomes 


F (cone)  = . 93 


/Buy 


(9) 


Most  experimental  studies  have  confirmed  that  the  liquid  surface 
under  the  Influence  of  electrostatic  forces  forms  a cone  of  half  angle 
o S 49.3“  as  predicted.  However,  it  is  not  known  what  actual  geometry 
and  radius  the  liquid  surface  assumes  at  the  apex  of  the  cone.  This 
is  of  considerable  interest  because  there  exists  no  apparent  theo- 
retical reason  to  prevent  the  cone  apex  from  forming  the  smallest 


5 


possible  radius,  l.e.  one  atom.  The  effect  of  a cone  which  approaches 

such  an  extremely  small  radius  would  be,  as  shown  by  Eq.  (6)  (8), 

a very  large  electric  field  requirement  at  the  apex. 

Let  us  first  consider  a field  electron  emission  model  based  on 

6 

the  Fowler-Nordheim  equation  where  the  current  density,  J,  is  given 


J - 1.54  X 10“6 


-6.36  X 10^  (|)3/2  , ,, 

pz  e ^ — (A/cm^) 


where  J is  in  Amperes/cm  when  F is  in  V/cm,  and  the  work  function  <ji 


in  eV.  The  total  current  is  then  approximately  given  by 
I » JA 


where  A is  thti  effective  emitting  area  and  can  be  approximated  by 
cr^,  c a constant.  Combining  (6),  (7)  and  (9)  with  Eq.  (11),  the 
total  current  as  a function  of  radius,  work  function,  and  surface 


tension  is  given  by 


-2.99  X 10**  pl/2  (j)3/2  y -1/2 


I (sphere)  =6. 96c e 


-4.23  X lO**  pl/2  4,3/2  y -1/2 


I (cylinder)  = 3.48c 


I (cone)  = 3.01c- 


_z — Y p e 
<p  s 


(A) 

(13) 


-4.54  X 


lO**  rl/2  ^3/2  y -111 


Y r e 


These  relations  are  correct  for  I in  Amperes  for  r in  cm,  <ti  in  eV 


and  Y in  dynes/cm.  As  shown  by  Figure  1 there  is  a fairly  well 
s 

defined  range  of  radii  values  which  produces  total  currents 


6 


4 


-4.0 


LOG  r (cm) 


Figure  1.  Plot  of  total  current  for  a Ga  cone  vs  radius  based  on 
Eq.  14  with  c = 1.0. 


7 


approaching  I , the  maximum  total  current.  The  similarity  of  the  pre- 
m 

vlous  equations  Indicate  that  results  similar  to  Figure  1 should  be 

obtained  for  a cone  truncated  by  a spherical  or  cylindrical  geometry. 

The  radius,  r , which  produces  I Is  only  a function  of  surface 
m m 

tension  and  work  function,  and  Is  given  by 

64irY 


r (sphere)  = , 

“ (6.36  X 10^ 


4.47  X 10~5  — 
*3 


(15) 


r (cylinder)  = 


32TrY 


m 


r (cone) 
m 


(6.36  X 10^  (ti3/2)^ 

a ^S 

= 2.23  X 10-3  _s 
2.7'irY 

_s 

(6.36  X 10^  (|.3/2)^ 


(16) 


(17) 


= 1.93  X 10-3  _s 

where  r Is  In  cm  when  y Is  In  dyne/cm.  Values  of  I /c  and  r 
m s mm 

are  listed  In  Table  I for  several  elements. 

A comparison  of  Eqs.  (7)  and  (9)  reveals  that  the  field  required 
to  stabilize  a cylinder  of  radius  p and  a cone  truncated  at  r » p 
Is  approximately  the  same.  This  Implies  that  a geometry  which  Is  a 
combination  of  a cone  and  cylinder  Is  quite  feasible.  Some 


8 


experimental  studies  have  reported  a small  cylindrical  column  extending 
from  the  cone  apex.^ 

TABLE  I 

VALUES  FOR  SEVERAL  ELEMENTS  OF  (A)  and  I^/ c (pA)  FOR 


SPHERE,  CYLINDER,  AND  A CONE 

Sphere  Cylinder  Cone 


Element 

r 

m 

m 

r 

m 

I_/c 

IQ 

r 

m 

Cs 

4.5 

54 

2.3 

13 

2.0 

10 

Rb 

3.7 

121 

1.9 

30 

1.6 

23 

K 

3.4 

87 

1.7 

22 

1.5 

16 

Na 

7.8 

430 

3.9 

108 

3.4 

81 

Ga 

4.7 

81 

2.7 

20 

20 

15 

Hg 

2.3 

18 

1.2 

4.7 

1.0 

3.5 

If  an 

anode  Is 

a distance 

R from 

the  surface  of 

the  sphere 

cylinder  and  cone,  the  voltages  required  to  satisfy  the  conditions 
of  Eq.  (6),  (7)  and  (9)  are 


I V (sphere)  = (1  - p/R)  (18) 

s 

= 2.13  X io3  (1  - p/R) 

V (cvlinder)  = p^/^  (Rwy  )^^^  in  p/R  (19) 

s 

1 = 1.5  X 103  Y p^/2  p/g 

I s 

V (cone)  = 1.4  x lO^  Yg^'^^  R^^^  (20) 
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where  V is  in  volts,  y In  dynes/cm  and  p In  cm.  According  to  Eq. 

s 

(20)  the  anode  voltage  required  to  stabilize  a liquid  cone  depends 

only  on  y and  R.  For  Cs,  Rb,  K,  Ga  and  Hg  the  required  anode  voltages 
s 

for  R ■ 1 mm  are  3.4,  3.9,  4.11,  12.0,  and  9.7  kV  respectively. 

Colby  and  Evans ^ have  reported  that  the  achievement  of  stable 
Ionization  was  critically  dependent  on  the  relative  position  of  the 
liquid  cone  and  the  anode.  To  examine  the  effect  of  the  source  con- 
figuration and  relative  anode  position,  the  equlpotentlal  lines  of 
the  electrical  field  were  calculated.  Since  the  liquid  surface  can 
be  considered  as  an  equlpotentlal  line,  the  most  desirable  source 
configuration  and  anode  position  is  that  which  results  in  the  equi- 
potentlal  lines  near  the  source  forming  a conical  geometry  of  half 
angle  a = 49.3°. 

To  obtain  the  potential  function,  (Ji(r,z),  it  was  necessary  to 
solve,  with  the  appropriate  boundary  conditions,  Laplace’s  equation. 

For  a function,  ())(r,Z)  satisfying  Laplace's  equation  in  cylindrical 
coordinates. 


+ i 11 

3r2  r 3r 


+ 


32((> 

3z2 


0 


(21) 


the  following  relations  hold: 

(|i(r,z)  = i [<t.(r,  z + h)  + (t)(r,  z - h)  + ()i(r  + h,  z)  + (t)(r  - h,  z)] 
+ [iKr  + h,  z)  - (J)(r  - h,  z)]  + 0(h‘*)  (22) 

♦ (o,  z)  = "I  [<()(o,  z + h)  + 4())(h,  z)  + ((i(o,  z - h)]  + 0(h‘’)  (23) 
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where  h Is  the  step  size.  Based  on  these  relations,  an  Iterative 
procedure  and  a Prime  computer  was  used  to  calculate  (^(r,  z),  and 
thereby  the  equlpotentlal  lines.  The  programs  used  are  In  Appendix 

I. 

Typical  results  are  shown  In  Figure  2.  The  relative  anode 

position  had  no  effect  on  the  shape  of  the  equlpotentlal  lines  near 

the  source.  This  Is  rather  contrary  to  the  claims  of  critical 

Importance  of  the  anode  position  for  stable  ion  emission  made  by 

Colby  and  Evans. ^ As  expected,  the  density  of  the  equlpotentlal  lines, 

or  alternatively  the  intensity  of  the  electric  field,  near  the  source 

Increased  as  the  distance  between  the  source  and  anode  decreased.  For 

all  source  configurations,  the  equlpotentlal  lines  closely  paralleled 

the  source  configuration  boundaries.  Thus,  based  on  this  data,  a 

very  favorable  source  configuration  is  shown  in  Figure  9(d),  where 

the  inserted  emitter's  tip  is  a cone  of  half-angle  ci  = 49.3®  and  the 

liquid  cone  is  formed  on  the  point  of  the  emitter. 

Let  us  next  consider  ion  emission  from  liquid  metals  based  on  a 

field  evaporation  model.  The  field  required  for  field  evaporation, 

assuming  singly  charged  ionic  species  being  emitted,  is  approximately 

3 

given  by  the  following  expression 

2 

F„„  >=■•  e"3  /h  + I - <t)  - kT  An  — (24) 

FE  ^ vap  / 

or 

■ -O*’  ("v.p  - KT  i)  (V/A) 
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where  is  the  heat  of  vaporization,  I,  the  ionization  potential, 

T,  the  lifetime  in  respect  to  field  evaporation  and  s 10“^^  sec. 

The  second  expression  is  correct  for  H , I,  kT  and  A in  eV  and  F 

vap 

O 

in  V/A.  The  maximum  radius,  of  a conducting  liquid  cone  where 

the  evaporation  fields  have  the  required  magnitude  for  atomic  ion 

emission  is  easily  obtained  by  substituting  values  of  F into  Eq.  (9). 

F b 

Values  of  F^.^  at  300°K,  and  other  relevant  parameters  for  several 

liquids  are  listed  in  Table  II. 

TABLE  II 

EVAPORATION  FIELDS  FOR  ION  EMISSION  FROM  LIQUIDS 


Vaporization 

Ionization 

Work 

Surface 

Evaporation  Evaporation 

Energy 

Potential 

Function 

Tension 

Field 

Radius 

Element 

H (eV) 

vap 

I (eV) 

<P  (eV) 

"X 

(dyn/cm) 

Ffe  (v/a) 

r (A) 

vap 

Cs 

.81 

3.87 

1.81 

60 

.36 

10.5 

Rb 

.85 

4.16 

2.09 

76 

.32 

16.8 

K 

.93 

4.32 

2.24 

86 

.40 

12.1 

Na 

1.12 

5.12 

2.28 

206 

.78 

7.7 

Ga 

2.82 

5.97 

4,12 

735 

1.14 

12.8 

Hg 

.64 

10.39 

4.53 

480 

2.44 

1.8 

Small  charged  droplets,  rather  than  ions,  are  in  some  cases 

3 

emitted  from  the  cone.  Mahoney  et  al  concluded  that  ion,  as  opposed 
to  droplet,  formation  will  occur  if  the  tensile  strength  of  the  liquid 
is  large  compared  to  the  electrostatic  stress  required  for  field 


13 


evaporation,  l.e.  Is  large.  The  theoretical  tensile  strength 

of  a liquid  column  can  be  estimated  by 


't  • ^^''0  <“) 

3 

where  r^  is  the  interatomic  spacing.  Mahoney,  et  al,  have  tabu- 
lated values  of  r , f , and  f which  are  reproduced  in  Table  III. 
o t e 

TABLE  III 

KATIO  OF  SURFACE  ELECTROSTATIC  STRESS  AT  ION  EVAPORATION 
FIELD  STRENGTHS  TO  THEORETICAL  STRESSES  NECESSARY  TO 
RUPTURE  A LIQUID  COLUMN 


Element 

Interatomic 
Distance 
to  <S) 

Tensile 

Strength 

f^  X IQIO 

(dyn/cm^) 

Electrostatic 
Stress 
f X lolO 
e 

(dyn/cm^) 

Force 

Ratio 

t e 

Cs 

5.31 

.226 

.0545 

4.15 

Rb 

4.97 

.307 

.0428 

7.15 

K 

4.70 

.365 

.0691 

5.28 

Na 

3.70 

1.12 

.263 

4.26 

Ga 

2.77 

5.3 

.562 

9.43 

Hg 

3.07 

3.14 

2.57 

1.22 

A favorable  material  for  liquid  field  evaporation  and  field 

electron  emission  should  possess  a large  f /f  force  ratio,  be  a 

t e 

conducting  liquid  at  room  temperature,  and  have  a large  H yalue 

vap 

or  alternatively  a low  vapor  pressure.  The  latter  property  limits 
the  gas  phase  electron  impact  ionization  of  the  material  during 
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EXPERIMENTAL 


Several  apparatus  designs  were  tried  for  liquid  field  emission 
studies  with  each  succeeding  apparatus  being  an  Improvement  of  the 
previous.  Each  design  has  the  flexibility  to  make  the  extractor 
and  screen  either  positive  or  negative  high  voltage  enabling  both 
electron  and  Ion  emission  to  be  studied.  Figure  3 gives  a cross- 
sectional  representation  of  the  initial  apparatus  tried.  The 
plunger,  controlled  by  a very  sensitive  differential  screw  micrometer 
drive,  was  expected  to  provide  the  delicate  control  necessary  to  ad- 
just the  position  of  the  liquid  metal  meniscus  at  the  top  of  the  nozzle. 
The  procedure  was  to  attach  the  apparatus  in  a horizontal  position  to 
an  ion  pump  vacuum  system,  put  small  solid  chips  of  solid  metal  into 
the  reservoir  area,  attach  the  plunger  control  system,  pump  the  system 
down  to  * 10“^  torr,  melt  the  solid  metal  with  the  heating  coils,  force 
the  liquid  metal  through  the  nozzle,  check  for  emission.  In  all  the 
experiments  a binocular  microscope  was  used  to  observe  the  nozzle. 

The  metal  being  used  was  Ga.  It  was  chosen  because  of  its  low 

melting  point  (29.78  C) , its  very  low  vapor  pressure  (10~®  torr  at 

550°C),  relative  high  f /f  force  ratio,  and  relative  high  wetting 

t e 

coefficient. 

Trapped  pockets  of  air  in  the  liquid  Ga  reservoir  and  the  in- 
ability of  the  liquid  metal  to  wet  the  tip,  prevented  the  plunger 
system  from  providing  adequate  control  of  the  liquid  Ga.  The 
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Phosphor  Screen 


i 


i 
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majority  of  the  time,  droplets  of  liquid  Ga,  separated  by  air  pockets, 
would  drop  off  the  tip  of  the  nozzle.  Occasionally  a drop  of  liquid 
Ga  could  be  positioned  on  the  tip  and  in  attempts  to  obtain  field 
emission,  an  applied  voltage  of  5-6  kV  (positive  or  negative)  would 
provide  sufficient  electrostatic  forces  to  pull  the  non-wetting 
liquid  Ga  off  the  tip.  The  experiments  with  this  apparatus  ended 
when  the  liquid  Ga  amalgamated  with  the  plunger  causing  the  plunger 
shaft  to  break. 

Figure  4 shows  the  second  apparatus  used,  with  the  major  changes 
being  the  replacement  of  the  plunger  control  system  with  a gas 
pressure  control  system  and  the  ability  to  leak  argon  into  the  main 
vacuum  chamber  to  enable  ion  sputter  cleaning  of  the  nozzle.  The 
gas  control  system  allows  the  same  procedure  as  used  previously  to 
be  followed,  except  when  the  system  is  pumped  down,  it  is  pumped 
from  both  the  emission  chamber  side  and  the  control  system  side,  thus 
eliminating  trapped  air  in  the  liquid  Ga  reservoir.  To  force  the 
liquid  Ga  through  the  needle  the  valves  connecting  the  mechanical 
vacuum  pump  and  argon  gas  reservoir  are  adjusted  to  create  a positive 
pressure  difference. 

Using  the  Laminar  Force  Equation, 


8 n L 


(26) 


where  Q is  the  flow  rate  of  a liquid,  with  viscosity  n , through  a 
tube  of  inside  diameter  R and  length  L.  A simple  calculation  shows 
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Figure  4.  Diagram  of  emission  chamber  and  liquid  Ga  source  (a) 

modified  to  accept  the  gas  pressure  control  system  (b). 
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that  .1  Atm  pressure  difference  Is  sufficient  to  force  liquid  Ga 
through  the  Pt  needle. 

Upon  melting  the  Ga  chips,  It  was  discovered  each  chip  formed 
a sphere  with  a tough  oxidized  outer  skin.  A pressure  difference 
of  2 atm  was  Insufficient  to  break  the  skin  and  force  the  liquid 
Ga  through  the  nozzle.  Thus  It  became  necessary  to  protrude  a 
wire  Into  the  liquid  Ga  reservoir  and  break  the  oxidized  skin  on 
the  spheres  to  form  a movable  reservoir. 

Now,  by  applying  a positive  pressure  difference,  the  liquid 
Ga  could  be  forced  through  the  Pt  tubing.  However,  accompanying 
the  positive  pressure  difference,  was  an  Increase  In  the  main  vacuum 
chamber  pressure,  often  sufficient  to  cause  the  ion  pump  to  turn 
Itself  off.  Since  the  tube  was  filled  with  liquid  Ga,  this  in- 
dicated an  air  leak  from  the  pressure  control  system  side  into  the 
main  vacuum  chamber.  A careful  inspection  revealed  the  probable 
leak  source  as  being  the  Pt  to  glass  seal.  This  was  no  surprise, 
since  Pt  and  glass  make  a poor  seal. 

To  aid  the  liquid  metal  in  wetting  the  nozzle,  it  was  cleaned 
by  argon  in  sputtering.  Using  the  circuit  shown  in  Figure  5,  the 
nozzle  was  sputtered  for  several  minutes  by  applying  a negative 
voltage  of  500-600  V to  the  needle  in  .05-. 10  atm  of  argon.  The 
current  averaged  approximately  200  pA.  The  sputtering  definitely 
aided  the  liquid  Ga  in  wetting  the  tip.  This  accomplished  two 
things:  (1)  created  greater  ability  to  control  position  of  liquid 
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Figure  6.  Diagram  of  first  emission  chamber  and  liquid  Ga 
source  to  provide  stable  emission. 
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Ga,  since  It  would  now  wet  the  tip  rather  than  shoot  off  the  tip 
and  hit  the  screen,  and  (2)  allowed  high  voltages  (up  to  20  kV)  to 
be  used  with  electrostatic  forces  unable  to  pull  the  liquid  Ga  off 
of  the  needle.  Some  emission  was  obtained  from  this  apparatus, 
however,  the  leak  In  Pt-glass  seal  made  control  very  cumbersome  and 
difficult.  Therefore,  the  apparatus  was  redesigned  as  shown  In 
Figure  6. 

The  longer  Ft  tube  accomplished  two  objectives.  First  It 
allows  a longer  Pt-glass  seal  (2  cm)  which  can  be  made  leak  proof. 
Second,  by  mounting  the  apparatus  vertically,  greater  flow  Impedance 
Is  obtained  In  two  ways:  (1)  the  downward  force  of  gravity  on  a 
12  cm  high  column  of  liquid  metal  and  (2)  the  additional  length  of 
the  Pt  tube.  The  effect  of  Increased  flow  Impedance  Is  to  make  the 
flow  rate  less  sensitive  to  changes  In  the  pressure  difference. 
Therefore,  the  ability  to  control  the  liquid  metal  Is  Increased. 

The  addition  of  the  rubber  diaphragm  allows  the  vessel  to  be 
evacuated  before  Inserting  the  liquid  metal  through  a hyperdermlc 
syringe,  thus  preventing  any  oxidation  of  the  liquid  metal. 

The  liquid  metal  being  used  was  changed  from  pure  Ga  to  a 
Ga/In  alloy,  containing  an  eutectic  mixture  of  12%  Wt.  In.  The 
change  was  made  because  of  its  slightly  higher  wetting  coefficient, 
and  low  malting  point  (18®C),  thus  elirjinating  any  need  for  heating 
during  the  experiment. 

The  experimental  procedure  for  the  tubes  employing  the  rubber 
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diaphragm  was  to  pump  the  system  down  to  10~^  torr.  Insert  the  liquid 
metal,  force  it  through  the  needle,  check  for  emission,  argon  sputter 
clean  the  tip,  re-establish  the  vacuum,  force  the  liquid  metal  through 
the  nozzle,  and  then  check  again  for  emission.  This  procedure  showed 
sputtering  not  only  helped  the  liquid  metal  in  wetting  the  tip,  but 
was  necessary  to  get  stable  emission.  Stable  emission  was  obtained 
with  this  apparatus. 

The  only  problem  this  apparatus  presented  was  an  occasional 
difficulty  in  forcing  the  liquid  metal  through  the  Pt  tube.  This 
difficulty  persisted  even  with  extensive  pre-use  cleaning  of  the 
Pt  tubing.  The  problem  was  eventually  found  to  be  caused  by  the 
rapid  attack  by  the  liquid  Ga  on  the  Pt  tubing.  This  is  confirmed 
by  the  data  displayed  in  Table  IV  which  shows  the  resistance  of  Pt 
to  attack  by  liquid  Ga  to  be  very  poor. 

Based  on  the  information  in  Table  IV,  the  long  Pt  tubing  was 
replaced  with  W and  pyrex  capillary  tubing  as  shown  in  Figure  7. 

W was  chosen  not  only  because  of  its  ability  to  resist  attack  by 
liquid  Ga,  but  also  its  high  surface  tension.  To  aid  the  liquid 
metal  in  wetting  the  needle  it  is  desirable  for  the  needle  to  have 
as  high  a surface  tension  as  possible.  This  is  easily  seen  from 
the  expression  for  the  wetting  angle  of  a liquid  on  a solid  which 
is  given  by; 


lAiii.r  IV 


RESISTANCE  OF  MATERIALS  TO  ATTACK  BY  GALLIUM® 


Kerrdus  Motals 

18-8  StainU'ss  Stools.... 

IbClr  Stainless  Sli-el 

Tool  Steel  (W,  Cr.  >U),  V) 
1 ron 


TEMPERATURE  (°C) 

100  200  300  400  500  600  700  800  900  1000 


lagaageBBBgBegBgegsesM 


Mon-i'ej'rous  Meta  Is 

Wo  1 f ram 

Rhen i um 

Berv 1 1 1 un 

Tan  La  1 iiia 

98Ta-7W 

M iob  i nr.i 

Mo  1 vbdeniin 

i'  i t an  i um 

Lead 

Llironiium 

Manganese 

aOCr-'tOMn 

Nickel 

cSf).\M-20W 

Van ad i um 

Zi  rcon  iuni 

Magnes ium 

(lopper 

Plat  1 nun 

A 1 un  inu’.:' 

Ag , t:a  , Cd  . Ml  ■ , Sn  , 7n . . . 


^Sj8gBBgSB88BeBBeSj8Bl 


^«9aSi8SBB8aBgegBBe8B^^ 


ABOVE  M.P 


IgSjgSgBgSgaBgggaBBBBgl 


IgBjgBSBjjfiBBBgageggegKl 


IS8g8gBggS5aggggeggBBBI 


laBBBBSBSSSBBgegSSgaggggg^ 


ISB8ag88jgBBgggS8B8fiegSl 


ISSS8gSSSi8S8SSBSSI 


A BOV 


iBeBBaoBBBgBBSBeeaga^BBaBeaBBBBe^^ 

IgggBBBgBeggSagifggBSB^^ 


lS989QiQ68Q88QSSQQQQ8BS98fiNS96Q68^Q6i86S9Q^ 


Sintered  Bet).... 
Vitreous  ()uart7, . 
S i n t e red  A 1 0 < . . 
Lraph  i tt'  (L)  . . . . 
Stabilized  Zrd  . 
Pvrex  (1 1 ass . . . . 
Sintered  Mgd'- • • • 
Rubber 


SOFTENS 


|[l668fii88SS5S8868!69S8IS^^ 


(RKM)  - considt'r  tor  long-time  use 

LIMliKI)  - for  short-time  usi'  onlv 
POOR  - no  structural  noss  i b i I i t i I's 

rN'RN’tlWN  - no  data  lor  t lu'se  temneratures 


Phosphor  Screen 


Extractor  Ring 
Needle 

■Gloss  Capillary  Tubing 

Electrical  Connection  to  Tip 
Rubber  Diaphragm 


To  Gas  Pressure 
Control  System 

Liquid  Metal  Reservoir 


Figure  7.  Diagram  of  emission  chamber  and  liquid  Ga  source  using 
high  Ga  resistant  materials. 
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where  Y-_,  y<,t  » Yt/-.  are  the  interfacial  tensions  at  the  liquid-gas, 
bCy  oL  Lb 

solid-gas,  and  solid-liquid  interfaces  respectively.  Table  V which 

lists  some  metals  and  their  surface  tensions,  shows  W to  be  a good 

material  in  this  respect  because  of  the  higher  value  of  Y-r.* 

SO 

TABLE  V 

9,10 

SURFACE  TENSION  OF  SELECTED  SOLIDS 


Material 

Y (dynes/cm) 

T °C 

Ag 

llAO 

907 

A1 

1140 

180 

Cu 

1670 

1047 

Fe 

2150 

1400 

Mo 

2200 

1427 

Ni 

1850 

1250 

Pt 

2340 

1311 

Ta 

2680 

1500 

Ti 

1700 

1600 

W 

2900 

1750 

Zn 

830 

380 

The  apparatus  of  Figure  7 provided  most  of  the  emission  data. 

The  basic  design  of  this  apparatus  was  used  to  construct  a larger  more 
convenient  apparatus  as  shown  in  Figure  8.  Its  advantages  are  a 
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Diagram  of  the  final  and  most  convenient  emission 
chamber  and  liquid  Ga  source  used. 
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larger  screen  to  view  the  emission  pattern,  an  optical  window  to 
allow  better  vision  and  photography  of  the  nozzle,  and  flanges  to 
allow  assembly  and  disassembly  without  glass  blowing. 

The  nozzle  configurations  that  were  used  are  shown  in  Figure  9. 

The  tips  are  so  shaped  to  aid  the  liquid  metal  in  wetting  the  nozzle. 
The  majority  of  the  emission  data  was  obtained  with  W nozzle  shown 
in  Figures  9(b),  (c) , and  (d) . 

The  nozzle  in  Figure  9(c)  was  designed  to  support  a Taylor's  cone 
of  half  angle  49.3  degrees  and  base  width  equal  to  the  inside  diameter 
of  the  tungsten  tube.  The  emitter  Insert  design  of  9(d)  supplies 
liquid  metal  to  the  tip  end  of  the  emitter  through  a surface  film  of 
Ga  wetting  the  emitter.  A small  field  stabilized  cone  appears  to  form 
on  the  end  of  the  emitter  thus  localizing  and  stabilizing  the  geometric 
location  of  the  virtual  source.  Photographs  of  both  designs  actually 
used  are  shown  in  Figures  10  and  11. 

Figure  12  shows  the  simple  circuits  employed  to  measure  the  field 
emission.  The  circuit  of  Figure  12(a)  was  used  to  measure  the  pulse 
mode  of  both  electron  and  ion  field  emission.  The  attenuator  reduced 
the  signal  to  a magnitude  the  scope  could  measure.  In  measuring  the 
electron  emission  pulse  node  it  was  found  important  to  match  the 
impedance  (50^2)  through  the  circuit  and  to  reduce  induction  to  a mini- 
mum. Also,  due  to  the  short  duration  cf  the  pulse  (10  nanoseconds)  Lt 
was  necessary  that  the  scope  have  a risetime  of  less  than  2-3  nano- 
seconds, and  preferably  even  faster.  The  circuit  of  12(b)  used  an  R-C 
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circuit  to  enable  the  measurement  of  an  average  current  during  the 
pulse  mode  field  emission  and  12(c)  was  used  to  measure  the  D.C.  mode 
emission.  For  life  testing  the  same  basic  circuit  was  used  with  the 
tip  connected  directly  to  a current  measuring  chart  recorder.  All 
components  of  these  circuits  were  periodically  calibrated  using  a 
Data  Precision  Digital  Multimeter,  which  is  accurate  to  A. 5 signifi- 
cant figures. 

As  previously  mentioned,  argon  sputtering,  or  in  essence  a very 
clean  surface,  is  essential  for  the  liquid  metal  to  wet  the  surface 
sufficiently  to  obtain  stable  emission.  Argon  sputtering,  which 
demonstrated  Itself  to  be  more  than  adequate  in  this  respect,  is 
somewhat  inconvenient;  in  that  an  argon  source  and  leak  valves  must 
be  attached  to  the  vacuum  system,  exposure  of  ion  pumps  to  argon 
can  lead  to  the  undesirable  condition  of  argon  instability  and 
additional  pumping  must  be  done.  Therefore,  a more  convenient  tech- 
nique to  clean  the  tip  was  devised. 

This  technique  is  to  resistively  heat  the  inserted  W tip  of 
Figure  9(d)  to  2000  C;  as  measured  using  a pyrometer,  in  vacuum  of 
* 10~®  torr.  After  the  tip  has  cooled,  it  is  removed  from  the  vacuum 
and  immediately  immersed  in  a reservoir  of  liquid  metal.  The  liquid 
metal  coated  tip  is  next  inserted  into  the  W nozzle  and  the  apparatus 
assembled  on  the  vacuum  system  and  pumped  down.  The  protective  coat- 
ing of  Ga  prevents  the  W emitter  from  becoming  oxidized  by  the  sur- 
rounding atmosphere.  This  technique  was  used  successfully  to  obtain 
liquid  metal  emission  without  argon  sputtering. 


! 
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EXPERIMENTAL  RESULTS 


Certain  liquid  metal  emission  phenomena  were  exhibited  in  both 
the  electron  and  ion  modes  of  emission.  Emission  was  initiated  by 
advancing  Che  liquid  metal  to  the  nozzle's  end  and  applying  the  high 
voltage.  The  voltage  at  which  emission  usually  began  was  dependent 
on  the  nozzle  configuration.  Table  VI  lists  the  threshold  voltages 
for  the  various  nozzle  configurations.  The  difference  in  the  thresh- 
old voltage  of  W-2  and  W-3  needles  can  probably  be  attributed  to  the 
difference  in  the  length  of  the  Inserted  emitter. 


TABLE  VI 

THRESHOLD  VOLTAGES  FOR  EACH  NOZZLE  CONFIGURATION 


Nozzle 

Configuration 

Pt 

W-1 

W-2 

W-3 


Threshold 
Voltage  (kV) 

8.5  - 9.0 
9.8  - 10.5 

12.0  - 12.5 

7.5  - 8.5 


To  obtain  stable  emission  it  was  critical  to  have  the  "proper" 
amount  of  liquid  metal  on  the  nozzle's  end.  More,  or  less,  than 
the  proper  amount  results  in  an  unstable  form  of  emission.  For  the 
configurations  of  Pt  and  W-1,  the  proper  amount  of  liquid  metal  was 
that  which  would  result  in  the  liquid  metal  forming  an  upright  cone 


approaching  Taylor's  theoretical  half  angle  of  49.3“.  Figure  13 
shows  a photograph  of  the  nozzle  and  liquid  metal  cone  formed 
during  electron  emission.  When  the  cone  formed,  emission  was  very 
stable  throughout  the  voltage  range  (9  to  20  kV) . If  too  little 
liquid  metal  was  at  the  nozzle,  then  emission  occurred  from  a small 
cone  formed  on  (Figure  14)  the  edge  of  the  nozzle.  The  cone  pro- 
vided a steady  current  if  the  voltage  remained  constant,  but  moved 
spatially  and  often  formed  multiple  emission  points  as  the  voltage 
was  Increased.  Excess  liquid  metal  on  the  nozzle  caused  an  unstable 
upright  cone  to  form  that  was  In  continuous  motion  and  provided 
very  unstable  emission. 

I The  nozzle  configuration  of  W-2,  which  has  an  Inserted  tip 

specifically  designed  to  support  a Taylor's  cone,  had  several 
amounts  of  liquid  metal  which  could  be  considered  proper.  The 
first  was  that  amount  which  does  form  a stable  Taylor's  cone  over 
the  inserted  tip.  This  Taylor's  cone  was  slightly,  but  not  signifi- 
cantly more  stable  than  the  Taylor's  cone  obtained  with  the  Pt  and 
W-1  nozzles.  Similar  to  the  previous  nozzle  configuration,  excess 
liquid  metal  on  the  tip  provided  unstable  emission  from  an  unstable 
upright  cone  that  was  in  continuous  motion.  Quite  often  these  un- 
stable cones  would  form  elongated  tips  which  at  a constant  voltage 
would  sometimes  become  stable  (Figure  15),  thus  demonstrating  experi- 
mentally that  a truncated  cone  and  cylinder  geometry  can  be  a stable 
geometry. 
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Less  liquid  metal  than  necessary  to  form  a Taylor's  cone  would 
result  as  in  Figure  16  with  emission  coming  from  the  point  of  the 
inserted  tip.  This  emission  from  a small  localized  cone  on  the 
end  of  the  inserted  tip  produced  stabler  emission  characteristics 
than  the  Taylor’s  cone.  A little  less  liquid  metal  would  result 
in  a small  cone  forming  as  shown  in  Figure  17.  At  a constant  vol- 
tage, this  cone  would  provide  steady  emission,  but  moved  spatially 
and  caused  unstable  emission  as  voltage  was  changed.  Often  in  this 
circumstance,  emission  came  from  both  the  inserted  tip  and  the  small 
cone  simultaneously.  Slightly  less  liquid  metal  on  the  nozzle  end 
would  prevent  the  small  cone  from  forming  and  only  a very  stable 
emission  from  the  point  of  the  Inserted  tip  would  occur.  The  stability 
of  emission  from  this  type  of  situation  was  the  reason  for  the  design- 
ing of  the  W-3  configuration  with  the  longer  emitter. 

The  W-3  configuration  was  designed  for  emission  from  the  point 
of  the  inserted  emitter  by  liquid  metal  supplied  via  self-dif fusion 
along  the  emitter  shank.  Therefore,  the  proper  amount  of  liquid 
metal  would  be  a small  amount  about  the  base  of  the  shank  as  in 
Figure  18.  This  was  the  case  experimentally  as  is  easily  seen  in 
Figure  19,  which  are  photographs  of  the  nozzle  with  and  without 
emission.  The  only  emission  instability  came  from  an  excess  amount 
of  liquid  metal  causing  very  large  unstable  cones  to  form.  However, 
by  applying  voltages  of  18-20  kV  this  excess  liquid  metal  could  be, 
by  the  electrostatic  forces,  pulled  off  of  the  nozzle,  leaving  a proper 
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Figure  14.  Cone  forming  with 
too  little  Ga  on  Pt-  or  W-1  tip. 


Figure  15.  A stable 
geometry  of  a truncated 
cone  and  cylinder  formed 
with  excess  Ga  on  nozzle. 


Figure  16.  Proper  amount  Ga  on 
W-2  nozzle  to  result  in  stable 
emission  from  point  of  inserted 
emitter. 


Figure  17.  Emission  from 
small  cone  and  point  of 
inserted  emitter 
simultaneously. 


amount  of  liquid  metal  behind  tor  stable  emission  from  the  point  of 
the  inserted  tip.  This  nozzle  configuration  produced  the  greatest 
degree  of  emission  stability. 

Once  the  proper  amount  of  liquid  metal  was  on  the  end  of  any 
of  the  nozzle  configurations,  then  the  emission  became  very  stable 
and  the  emission  characteristics  consistent.  The  threshold  emission 
voltage  remained  constant,  and  the  emitting  cone  could  be  made  to 
collapse  and  re-form  repeatedly  by  varying  the  voltage  across  the 
threshold  voltage.  The  emission  characteristics  are  very  constant 
over  a period  of  time,  as  it  was  possible  to  leave  the  system  off 
over  a weekend  and  measure  the  same  characteristics.  For  a given 
cone,  the  threshold  voltage  was  very  sharply  defined,  ± .1  kV.  The 
voltage  at  which  emission  ceases  and  the  threshold  voltage  were 
identical.  An  apparent  exception  to  this  was  the  W-3  nozzle  con- 
figuration, because  sometimes  the  apparent  threshold  voltage  was 
higher  than  the  ceasing  voltage.  In  these  cases,  a higher  voltage 
than  the  normal  threshold  voltage  was  required  to  wet  the  point  of 
the  emitter  with  liquid  metal.  But,  once  the  point  of  the  inserted 
emitter  was  supplied  with  metal,  the  threshold  and  ceasing  voltages 
became  equal. 

The  ability  of  the  liquid  metal  to  wet  the  nozzle  was  an 
important  factor  in  obtaining  and  maintaining  emission.  Without 
cleaning  the  nozzle,  either  by  argon  sputtering  or  the  heating 
technique,  the  liquid  metal  would  not  wet  the  nozzle  sufficiently 
to  permit  emission.  Instead,  the  electrostatic  forces  would  pull 
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the  liquid  metal  off  the  end  of  the  nozzle  at  voltages  lower  than 
the  threshold  voltage. 

With  the  W-3  nozzle,  the  wetting  ability  of  the  liquid  metal 
has  even  greater  importance  as  it  is  directly  related  to  the  ability 
of  the  liquid  metal  to  self-diffuse  to  the  emitter's  tip.  The 
importance  of  wetting  ability  in  supplying  liquid  metal  to  the 
emitter  tip  was  demonstrated  during  a series  of  life  tests.  The 
first  life  tests  ended  in  less  than  an  hour  when  the  supply  of  liquid 
metal  at  the  emitter  tip  was  exhausted.  The  nozzle  was  cleaned  by 
argon  sputtered,  thereby  increasing  the  wetting  ability  of  the  liquid 
metal.  The  following  life  test  lasted  25  hours,  the  second  16  hours. 
These  life  tests  ended  when  the  liquid  metal  supply  at  the  base  of 
the  emitter  was  exhausted.  Thus,  to  obtain  and  maintain  emission 
the  liquid  metal  must  wet  the  nozzle  surface,  and  this  necessitates 
argon  sputtering  or  heat  cleaning  of  the  nozzle. 

Perhaps  the  most  distinctive  feature  of  Ga  field  emission  is 
a small  spot  of  incandescent  light  surrounded  by  a blue  glow  at 
the  emitting  site.  The  intensity  of  both  the  incandescent  and  blue 
glow  increases  with  increasing  current  and  enables  one  to  discern 
precisely  the  location  of  the  emitting  site. 

The  before  and  after  emission  experiment  photographs,  as  seen 
in  Fig.  20,  of  the  W-2  and  W-3  nozzles,  reveal  that  the  inserted 
emitter  becomes  dulled  and  rounded  off.  This  was  most  likely  due  to 
the  argon  sputtering. 
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ELECTRON  EMISSION 


Electron  emission  has  exhibited  only  one  mode  of  operation, 
the  pulse  mode.  This  mode  is  characterized  by  high  current,  and 
short  duration  pulses  which  occur  at  a constant  rate  producing 
average  current  of  1 pA  to  6.5  mA. 

The  general  emission  characteristics  were  the  same  for  all  of 
the  nozzle  configurations.  Each  configuration  produced  stable 
emission  throughout  the  voltage  range.  However,  the  nozzle  con- 
figurations with  the  emitting  cone  formed  on  the  inserted  emitter 
were  more  stable  than  the  configurations  designed  for  formation  of 
an  unsupported  Taylor's  cone,  especially  at  the  higher  voltages 
(16  kV) . Occasionally  at  the  higher  voltages  (16-20  kV) , the 
Taylor  cone  would  break  down  by  forming  multi-emission  sites.  This 
was  accompanied  by  an  Immediate  sharp  Increase  in  the  average  current. 
A typical  case  is  shown  in  Fig.  21.  Emission  from  the  end  of  the 
Inserted  emitters  demonstrated  no  tendency  to  degenerate  into  an 
unstable  mode. 

A typical  pulse  produced  by  the  W-1  and  W-2  nozzle,  as  shown 
in  Fig.  22(a)  was  90-120  A,  approximately  10  nanoseconds  in  duration, 
rlsetlme  of  3-4  nanoseconds,  and  Gaussian  in  shape.  A similar  pulse 
(Fig.  22(b))  of  40-60  A was  obtained  from  the  W-3  nozzle.  The  pulse 
maintained  its  general  shape  and  was  of  constant  duration  for  any 
combination  of  load  resistor  and  voltage,  while  its  magnitude 
Increased  slightly  with  a large  increase  in  current.  The  pulse  rate 
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Figure  21.  Sharp  increase  in  average  current  caused  by  the 
formation  of  multi-emission  sites. 
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(a)  50  Amps/div  and  5 x 10  ^ sec/div 


(b)  10  Amps/div  and  5 x 10  ^ sec/div 


Fig.  22.  A typical  electron  pulse  from  Pt.  W-1,  W-2  nozzles 
(a)  and  from  W-3  nozzle  (b). 


increased  with  increasing  voltage  and  decreasing  current  limiting 
resistor  value,  as  shown  in  Figures  23  and  24.  Since  the  total 
current  per  pulse  was  essentially  constant,  the  change  in  average 
current  was  due  to  change  in  the  pulse  rate  and  not  the  pulse  shape. 
The  measured  pulse  frequency  varied  from  40  pulses  per  second  to 
5500  pulses  per  second  corresponding  to  average  currents  of  4 pA 
and  460  pA  respectively.  A maximum  pulse  frequency  of  8 x 10**  pulses 
per  second  can  be  calculated,  based  on  the  maximum  measured  average 
current  of  6.5  mA. 

Figure  25  shows  the  voltage  traced  at  the  anode  electrode  of 
the  tube.  The  sharp  drop  in  extractor  voltage  was  due  to  liquid 
metal  discharge  shown  in  Figure  22  which  was  followed  by  a charging 
rate  governed  by  the  tube  capacitance,  voltage,  and  load  resistance. 

The  voltage  at  the  anode  electrode  shown  in  Figure  25  exhibits 
a pattern  similar  to  an  R-C  circuit.  The  period  of  this  pattern 
and  the  period  of  the  pulses  were  shown  to  be  equal  by  almost  simul- 
taneous measurement.  This  indicates  that  the  tube  was  acting  as  a 
capacitor,  storing  up  charge  and  then  discharging  during  the  pulse. 
Thus,  increasing  the  voltage  or  decreasing  the  current  limiting 
resistances  allowed  the  apparatus  to  charge  more  rapidly  and  thus 
Increase  the  pulse  rate.  By  considering  the  system  as  an  R-C  cir- 
cuit with  the  glass  tube  as  a capacitor,  then  the  time,  t,  to 
charge  the  capacitor  is: 

V - V 

t = -RC  in  • -y  ° (28) 
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where  R is  the  load  resistor  and  C is  the  tube  capacitance.  The  cal- 
culated pulse  period  obtained  from  the  above  equation,  as  shown  in 
Figure  26,  is  in  reasonable  agreement  with  the  measured  pulse  period. 

A tube  capacitance  of  12  x 10~^  F was  calculated - 

The  average  current  Increases  with  pulse  frequency  which,  in 
turn,  increases  with  increasing  voltage  or  decreasing  load  resist- 
ances. This  can  be  seen  in  Figure  27  curves  which  are  typical 
average  current  data.  The  direct  relationship  between  average 
current  and  pulse  frequency  becomes  evident  in  the  comparison  of 
the  average  current  and  pulse  frequency  data  of  Figures  27  and  28. 

I 

An  average  current  can  be  calculated  based  on  data  providing  | 

the  current  per  pulse  and  pulse  frequency.  Figure  29  shows  this  j 

calculated  current  to  be  in  fairly  good  agreement  with  the  measured 
average  current,  as  it  should  be.  These  calculations  assumed  a 

constant  magnitude  for  the  pulse,  resulting  in  8 x 10“®  C of  total  | 

) 

charge  per  pulse.  t 

i 

The  maximum  average  current  measured  was  6.5  mA  at  10.6  kV  and  • 

without  a current  limiting  resistor.  This  current  was  sufficient  to  |j 

ij 

heat  the  extractor  electrode  to  a red  glow  within  several  seconds.  ji 

Therefore,  higher  pulse  frequencies  and  corresponding  higher  cur-  j| 

rents  were  not  investigated,  but  there  is  no  reason  to  believe  they 
are  not  possible. 

The  results  of  the  life  testing  are  compiled  in  Table  VII. 

Each  life  test  self-terminated  when  the  supply  of  liquid  metal  on 


Figure  27.  Average  electron  emission  current  vs  voltage  for 
various  load  resistances. 
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Figure  28.  Electron  emission  pulse  frequency  vs  voltage  for 
various  load  resistances. 
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TABLE  VII 


SUMMARY  OF  ELECTRON  LIFE  TESTS 


Nozzle 

Fower  Supply 
Voltage  (kV) 

Load 

Resistor  (Mfl) 

Average 
Current  (pA) 

Duration 

(hrs) 

Ft 

16.8 

661 

275 

.92 

Ft 

16.5 

66 

275 

.98 

W-3 

14.0 

100 

80 

5.5 

W-3 

12.0 

100 

100 

7.5 

the  nozzle  disappeared.  The  two  reasonable  explanations  for  its 
disappearance  are  (1)  the  liquid  metal  was  used  up  by  the  emitting 
process  and  (2)  the  liquid  metal  flowed  back  into  the  nozzle. 

Since  the  latter  does  not  occur  over  a period  of  many  days  when  the 
system  is  not  in  use,  then  the  first  explanation  is  accepted.  This 
means,  that  the  electron  emission  process  used  or  emits  a definite 
amount  of  liquid  metal.  This  is  contrary  to  regular  field  emission 
theory  where  electron  emission  requires  no  supply  of  emitter  material. 

The  life  testing  indicates  that  continuous  stable  emission  could 
be  maintained  for  as  long  as  the  proper  amount  of  liquid  metal  could 
be  supplied  to  the  nozzle. 

The  emission  pattern  on  the  phosphor  screen,  as  shown  by  the 
photograph  in  Figure  30,  has  no  structure  and  fills  the  entire 
screen.  Relative  intensity  measurements  made  by  measuring  the 
relative  density  of  negatives  of  the  photographs  taken  of  the  screen 


showed  essentially  a uniform  intensity  with  a slight  radial  decrease 
amount  to  1 - 3%  at  the  far  edges  of  the  screen.  The  edge  of  the 
screen  corresponds  to  an  emitting  half  angle  of  40.5°. 
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ION  EMISSION 


Ion  emission  exhibited  three  different  modes  of  operation,  a 
D.C.  mode,  high  frequency  mode,  and  a pulse  mode.  Typical  D.C.  mode 
current  - voltage  characteristics  obtained  from  the  W-3  nozzle  are 
shown  in  Figure  31.  As  can  be  seen  from  Figure  31,  the  current 
limiting  resistor  has  a major  effect  on  the  I - V curve,  however, 
for  all  values  of  the  current  limiting  resistor  the  1 - V curves 
are  closely  approximated  by  a straight  line.  The  current  - voltage 
curves  exhibit  a slight  hysteresis  as  shown  in  Figure  32.  As  in 
the  electron  pulse  mode,  the  D.C.  mode  emission  characteristics  are 
less  erratic  with  increasing  value  of  the  current  limiting  resistance. 
A peak  D.C.  current  of  5D0  uA  was  obtained  at  16  kV,  and  10 
current  limiting  resistance.  This  current  was  maintained  only  for 
several  seconds,  because  by  then  the  nozzle  was  glowing  red  from 
the  secondary  electron  bombardment.  There  was  no  indication  that 
higher  currents  could  not  be  obtained. 

In  the  high  frequency  mode  the  collected  current  exhibited  a 
non-uniform  high  frequency  on  the  order  of  100  kHz.  This  mode 
always  degenerated  into  the  D.C.  or  pulse  mode  usually  within  several 
seconds  and  always  less  than  20  seconds. 


POWER  SUPPLY  VOLTAGE  (kV) 
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slower  and  only  constant  to  a factor  ± 0.1  ms.  This  slight  Incon- 
sistency of  the  rate  results  in  a nonconstant  triggering  of  the  scope 
which  prohibits  viewing  of  a single  pulse.  Average  currents  of  1 pA 
to  2.5  mA  were  obtained  in  this  mode.  Again,  higher  currents  were 
not  attempted  because  of  the  heating  of  the  needle  to  a red  glow  by 
back  scattering  electrons.  However,  the  Indications  are  that  higher 
currents  are  possible. 

The  nozzle  configuration  had  a major  effect  in  determining  which 
mode  of  emission  was  obtained.  The  configurations  in  which  the  emit- 
ting site  was  formed  on  the  end  of  the  inserted  emitter  produced 
mostly  D.C.  mode  emission  and  the  configurations  on  which  an  unsup- 
ported Taylor  cone  was  formed  yielded  primarily  the  pulse  mode.  Only 
the  pulse  mode  was  obtained  from  the  Pt  nozzle  and  the  similar  W-1 
nozzle  was  mostly  pulse  mode  with  very  limited  amount  of  D.C.  emission. 
It  was  obtainable  only  with  a 10  current  limiting  resistor  in  a 
limited  voltage  range  of  12  - lA  kV  and  could  only  be  maintained  for 
approximately  60  seconds  before  it  would  degenerate  into  the  pulse 
or  high  frequency  mode. 

With  the  W-2  nozzle,  all  three  modes  were  easily  obtained. 
Generally  as  the  voltage  was  increased,  the  pulse  mode  was  obtained, 
then  the  high  frequency  mode,  which  would  degenerate  into  either 
pulse  or  D.C.  mode,  and  then  the  D.C.  mode. 

The  D.C.  mode  was  obtained  most  easily  with  current  limiting 
resistances  of  10  to  100  M^.  The  D.C.  emission  was  quite  erratic 
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and  inconsistent  from  one  moment  to  the  next.  A frequently  seen 
phenomenon  was  at  a constant  voltage  the  D.C.  current  would  slowly 
rise  from  A pA  to  B pA  in  about  8-10  seconds.  At  B pA  the  mode 
would  change  from  D.C.  to  the  high  frequency  mode  which  would  de- 
generate to  the  D.C.  mode  at  A pA  after  approximately  5 seconds. 

This  pattern  would  repeat  itself  many  times.  The  current  at  A and 
B increased  with  voltage  although  the  difference  remained  constant. 
While  this  pattern  was  observed  in  the  D.C.  mode,  by  continuously 
varying  the  high  voltage,  a steady  D.C.  current  could  be  maintained. 
Therefore,  it  is  expected  that  a feedback  circuit  could  probably 
produce  a steady  D.C.  current  in  this  situation. 

The  W-3  nozzle  produced  stable,  continuous  D.C.  mode  operation 
for  all  values  of  current  limiting  resistance  and  throughout  the 
voltage  range  (7  - 20  kV).  The  pulse  mode  and  high  frequency  mode 
were  rarely  seen  with  this  nozzle.  The  stability  of  this 
configuration  for  steady  D.C.  mode  emission  was  demonstrated  by 
the  two  life  tests,  which  resulted  in  15  hours  and  25  hours  of  con- 
tinuous D.C.  emission.  The  current  was  a steady  35  pA  at  a power 
supply  voltage  of  11  kV  and  current  limiting  resistance  of  100  MJJ. 

A typical  ion  emission  pattern  is  shown  in  Figure  33.  At 
higher  currents  the  pattern  remained  essentially  the  same  size  with 
the  edges  becoming  slightly  less  sharply  defined.  The  edges  of  the 
pattern  correspond  to  a 18®  emission  half  angle  which  results 
in  62  pA  and  308  pA  sr“^  for  total  currents  of  20  pA  and  ICO  pA 
respectively. 
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Fig.  33.  Photograph  of  ion  emission  pattern. 
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DISCUSSION  AND  CONCLUSIONS 


In  both  the  electron  and  ion  modes  of  operation  a small  point 
of  incandescent  light  surrounded  by  a blue  glow  emanates  from  the 
tip  of  the  Ga  cone.  This  is  an  indication  of  localized  heating  and 
that  electronic  excitation  of  the  Ga  occurs  during  the  emission 
process . 

Two  possible  energy  sources  which  could  create  the  observed 
localized  heating  are  the  energy  exchange  processes  attending  field 
emission  and  the  bombardment  by  secondary  electrons  during  ion 
emission  or  by  ions  during  electron  emission.  The  first  process, 
which  has  been  studied  previously causes  the  temperature  of  the 
tip  T^  relative  to  the  temperature  Tj  at  the  base  of  the  cone  to 
vary  according  to 


„ _ kT  cot  (ttp)  / I\  p(T)  /i2\ 

L - K te)  + .2  Urj 


where  K is  the  thermal  conductivity,  p(T)  is  the  electrical  re- 
sistivity, r is  the  radius  of  the  cone  at  the  point  of  truncation 
and  p is  a dimensionless  parameter  which  is  a function  of  electric 
field  and  work  function.  The  first  term  in  Eq.  (29)  is  due  to  the 

so-called  "Nottingham  heating"  and  the  second  terra  is  due  to  resistive 
11 

heating.  The  plot  of  Eq.  (29)  in  Figure  34  shows  that  in  order  to 
achieve  sufficient  heating  to  produce  an  incandescent  glow  that  either 
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Figure  34.  Apex  temperature  of  a Ga  cone  due  to  heating  by 
energy  exchanges  attending  field  emission  vs 
apex  radius. 


relative  large  currents  or  a small  radius  is  necessary. 


Eq.  (29)  is  the  steady  state  or  D.C.  mode  solution.  For  pulse 
mode,  when  the  Nottingham  effect  is  neglected  and  only  resistive 
heating  is  considered,  it  has  been  shown^^  that  varies  with  pulse 
length,  t^,  and  pulse  separation,  tj,  according  to  the  expression: 

("o  - "■)  pulse  - ("o  - 


0.74 


1 + 


(30) 


where  t is  a time  constant  characteristic  of  the  emitter  material 
c 

and  cone  - half  angle: 

.2 


= — f— ) 

K6  \a/ 


(31) 


where  c is  the  specific  heat  and  6,  the  density  of  the  emitter  material. 

The  first  bracket  of  Eq.  (30)  represents  the  effect  of  pulse 
length  on  at  the  end  of  the  pulse.  For  t^  = t^  the  tip  temperature 
rise  is  36%  of  the  steady  state  value  and  for  t^  appreciably  larger 
than  t^,  the  tip  is  heated  close  to  its  steady  state  temperature.  The 
second  bracket  represents  the  effect  of  repetition  rate.  If  tj  is 
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appreciably  longer  than  then  almost  complete  cooling  of  the  emitter 
tip  occurs  between  pulses. 

The  Nottingham  effect  is  ignored  in  the  derivation  of  Eq.  (30) 

in  order  to  obtain  an  analytical  solution.  However,  this  effect  causes 

the  emitter  tip  to  receive  an  additional  input  of  energy  localized  at 

the  tip,  at  a rate  which  decreases  as  tip  temperature  increases. 

Therefore  it  in  effect  reduces  the  time  constant,  t , below  the  value 

c 

indicated  by  Eq.  (31). 

For  a Ga  cone  of  half  angle  49.3° 

t 200  r 2.  (32) 

c o 

o 

Then  for  Ga  emission  where  t =10  nanoseconds,  t = t when  r = 707  A 

O C o O 

o o 

and  for  r = 100  At  200  t . Thus  for  radii  smaller  than  r = 100  A 
o c o o 

(T^  - Tj)  pulse  is  close  to  the  steady  values  of  Eq.  (29)  and  Figure 

34.  For  these  radii  and  t values,  the  measured  and  calculated  values 

c 

of  ti  obtained  for  Ga  emission  are  such  that  ti  >>  t . Therefore 
* c 

complete  emitter  tip  cooling  should  occur  between  pulses. 

Thus,  heating  by  this  process  is  capable  of  producing  the  ob- 
served incandescent  glow  in  either  the  steady  state  or  pulse  mode. 
However,  based  on  the  measured  emission  currents  and  short  pulse 
length  (small  t^  value)  it  is  necessary  to  have  a relatively  small 
(10  A)  radius  in  order  to  achieve  sufficient  heating. 

Heating  of  the  cone  by  electron  or  ion  bombardment  was  shown  by 
2 

Clampitt  to  vary  according  to 

- "i  ■ sSs?  (r  - 
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where  1 and  V are  the  incident  current  and  energy  respectively  and 
r^  and  r^  are  the  radii  of  the  cone  at  and  Tj  respectively. 
Since  usually  rj  » r^,  the  l/rj  term  can  be  Ignored. 

To  achieve  sufficient  heating  by  this  means,  as  sho'.Tn  by 


Figure  35,  either  a relatively  large  IV  value  or  a small  radius  is 
necessary.  A large  IV  value  is  easily  obtained  if  the  bombarding 
particles  originate  at  or  near  the  screen  and  thereby  are  accelerated 
by  lO'*  volts.  However,  these  particles  would  strike  the  entire 
cone  and  result  in  unlocalized  heating.  Also,  preliminary  experi- 
ments in  preferential  biasing  of  the  screen  to  eliminate  particles 
originating  at  the  screen  from  reaching  to  the  emitter  seem  to  pro- 
duce no  reduction  in  the  localized  heating.  Thus  it  appears  the 
Incident  particles  must  originate  close  to  the  cone  meaning  they  possess 
only  a few  eV  in  energy  and  to  achieve  a large  IV  value  necessitates 
a relatively  large  incident  current.  This  seems  feasible  in  the  ion 
mode  of  operation  but  in  the  electron  mode  it  seems  unlikely  to 
have  as  large  incident  ion  current.  Therefore,  in  order  to  create 
sufficient  heating  by  this  process  a small  radius  is  required. 

The  presence  of  the  blue  glow  or  excited  Ga  atoms  in  the  space 

surrounding  the  cone  is  an  unexpected  result  considering  the  very 

low  vapor  pressure  of  Ga.  The  vapor  pressure,  P,  of  a curved  surface 

10 

of  radius,  r,  relative  to  a flat  surface  is  given  by 


/ \ 2yV. 

- 'h  ■ -R-rr 
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Figure  35.  Apex  temperature  of  a Ga  cone  due  to  heating  by 
bombardment  vs  apex  radius. 
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where  is  the  molar  volume.  Table  VIII  lists  values  of  P for 
various  radii  and  temperature  and  shows  that  the  vapor  pressure  be- 
comes  large  for  radii  less  than  ten  A. 

TABLE  VIII 


VALUES  OF  P/P  FOR  A 
0 

GA  CURVED 

SURFACE  OF  RADIUS 

r 

P = 10“® 
o 

torr  at  T 

= 825°K. 

r (cm) 

SOO-K 

500“K 

1000“K 

2000‘’K 

10~^ 

2.0 

1.5 

1.2 

1.1 

10“'^ 

1 X 103 

6 X iQl 

8.1 

2.8 

M 

O 

1 

CD 

1.6  X 1030 

1 X 10^3 

1 X 10° 

3 X 10** 

10-^ 

> 10^°° 

> 10*°° 

4 X 10°° 

2 X 10**° 

The  Incandescent  and  blue  glow,  material  depletion,  the  high 
average  and  pulse  currents  indicate  that  the  mechanism  of  electron 
emission  is  not  purely  a field  emission  process.  From  the  fact 
that  only  a pulsed  mode  of  operation  has  been  observed  with  electron 
emission  it  is  hypothesized  that  the  electrostatic  forces  cause  the 
liquid  cone  apex  to  approach  a radius  of  a few  atoms.  This,  in  turn, 
leads  to  an  increasing  field  and  field  emitted  current.  Accordingly, 
the  cone  is  heated  by  electron-phonon  energy  exchanges  Increasing 
the  tip  temperature  to  an  incandescent  glow.  The  temperature  and 
small  radius  increase  the  vapor  pressure  of  the  Ga  until  it  is 
sufficiently  high  to  form  a plasma  that  vaporizes  a small  portion 
of  the  emitter  and  causes  a large  electron  pulse  to  propagate  across 
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the  diode.  Then,  the  apex  of  the  liquid  cone  reforms  and  the  process 


repeats. 

A similar  process  occurs  during  the  ion  pulse  mode  of  operation. 
However,  the  ion  mode  also  exhibits  a stable  D.C.  mode  of  operation. 
Apparently,  under  certain  conditions,  the  cone  apex  radius  is  pre- 
vented from  becoming  extremely  small  by  the  simultaneous  removal  of 
material  by  field  evaporation.  A steady  state  condition  is  achieved 
where  the  cone  is  maintained  at  a constant  apex  radius  by  supplying 
material  to  the  apex  at  a rate  equal  to  its  removal. 

The  mechanism  of  ion  emission  is  not  a pure  field  evaporation 
process  as  indicated  by  the  incandescent  and  blue  glow  and  high 
currents.  It  is  more  difficult  to  explain  than  the  electron  emission 
process  and  is  not  fully  understood.  However,  it  is  hypothesized 
that  the  radius  of  the  liquid  cone  apex  becomes  extremely  small, 

O 

~ 10  A.  This  results  in  field  evaporation  and  an  increase  in  the 
vapor  pressure  which  releases  neutral  Ga  atoms.  As  these  atoms  leave 
the  tip  they  are  gas  phase  ionized.  The  electrons  bombard  the  apex 
and  excite  some  of  the  releasing  neutral  atoms.  This  results  in 
strong  localized  heating  of  the  apex  and  further  vaporization. 

A space  charge  effect  would  seem  possible  with  the  high  den- 
sity of  Ga  ions  surrounding  the  emitter.  Such  an  effect  would  result 
in  the  current  showing  a dependence  on  the  or  (V  - where 

is  threshold  voltage.  The  I - V data  collected  thus  far  has  not 
exhibited  such  a dependence  and  therefore  shows  no  space  charge  effect. 

I 

I 
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SUMMARY 


u 


In  summary,  the  liquid  Ca  field  shows  great  promise  as  a high 
brightness  and  high  current  ion  source.  It  appears  capable  of  pro- 
ducing continuous  high  D.C.  ion  currents  for  long  periods  of  time. 

The  angular  distribution  is  sharply  defined  and  centered  on  the 
emitter's  axis.  Besides  the  D.C.  mode,  a pulse  mode  and  high  fre- 
quency mode  were  obtained  in  the  ion  mode  of  operation. 

As  an  electron  source  the  liquid  field  emitter  exhibits  only  a 
pulse  mode.  It  was  characterized  by  a high  amplitude  pulse  (40  - 100 
Amps)  of  short  duration  (8  - 10  nanoseconds)  with  a two  nanosecond 
rise  time.  The  pulse  rate  governs  the  average  current  and  increases 
with  increasing  voltage  or  decreasing  load  resistance.  High  aver- 
age currents  can  be  obtained  and  maintained.  The  angular  distribution 
has  a uniform  intensity  over  an  emitting  half  angle  of  greater  than 
40". 

Life  tests  in  both  ion  and  electron  modes  self-terminated  when 

i 

t 

the  liquid  metal  supply  was  exhausted.  It  appears  that  the  source 
could  emit  indefinitely  if  an  adequate  supply  of  liquid  metal  was 
maintained  at  the  needle's  end. 

Two  key  factors  in  obtaining  stable  emission  are  the  ability 
of  the  liquid  metal  to  wet  the  needle  and  having  the  proper  amount 
of  liquid  metal  at  the  needle's  tip.  Sufficient  wetting  was  achieved 

i 

1 

1 

I 
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by  argon  sputtering  or  heat  cleaning  of  the  tip  and  adequate  control 
over  the  position  of  the  Ga  meniscus  was  obtained  by  a gas  pressure 
control  system  and  long  capillary  tubing. 

Emission  from  a localized  cone  formed  on  the  end  of  an  emitter 
was  found  to  be  more  stable  than  emission  from  an  unsupported  cone. 
The  unsupported  liquid  metal  forms  a cone  approximately  Taylor's 
theoretical  half  angle  of  49.3°.  It  has  a higher  threshold  voltage 
and  emits  higher  currents  for  a given  voltage-load  resistor  combi- 
nation than  the  inserted  emitter  designs.  The  W-3  source  config- 
uration produced  the  most  stable  emission  and  longest  continuous 
emission. 

The  emission  mechanism  appears  to  not  be  a pure  field  emission 
or  field  evaporation  process,  but  rather  a complex  process  which  is 
probably  initiated  by  the  former  processes.  The  most  distinctive 
feature  of  the  process  is  an  incandescent  and  blue  glow  indicating 
localized  heating  and  presence  of  excited  Ga  atoms  in  space  sur- 
rounding the  cone. 

It  Is  possible  that  reliable  and  consistent  liquid  metal  ion 
or  electron  source  can  be  made.  However,  more  experimental  and 
theoretical  work  is  necessary  to  find  the  optimum  source  configu- 
ration. Some  of  the  experimental  parameters  to  be  studied  in  the 
future  Include  the  cone  angle,  apex  radius,  shank  radius,  and  pro- 
truding distance  of  the  inserted  emitter  of  the  source  design  of 
W-3.  Also,  a smaller  nozzle  size  should  provide  more  stable 
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emission  from  unsupported  Taylor  cones.  To  better  understand  the 
emission  a spectral  analysis  of  the  radiated  light , pyrometer 
temperature  measurements,  and  high  magnification  photographs  of  the 
emitting  site  should  provide  valuable  Information. 
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APPENDIX 

COMPUTER  PROGRAMS 

Four  computer  programs  (POTl,  POT2,  Subroutine  BC,  EQUI)  were 

used  to  calculate  equipotential  lines  for  various  source  and  high 

voltage  ext*"-  or  configurations.  POTl  used  Equations  (22)  and 

(23)  and  a st^«*^’  d iterative  procedure,  with  a step  size  of  3.75 

mils,  to  calculate  the  potential  at  each  interior  point  of  a 

70  X 50  matrix.  The  nozzle  was  set  at  zero  potential  and  the  high 

voltage  extractor  at  V (usually  V = 7 kV) . The  remaining  boundary 

o o 

conditions  and  initial  values  of  the  interior  points  were  calculated 
by  subroutine  BC  based  on  well-known  equations  for  the  potential  at  : ' 

a point  due  to  a solid  circular  ring  possessing  a constant  charge  I 

density.  '! 

P0T2  used  the  same  method  as  POTl  to  calculate  the  potential 
of  the  interior  points  of  a 100  x 50  matrix  with  a step  size  of 
0.375  mils.  The  boundary  conditions  were  obtained  using  linear 
interpolation  on  the  results  from  POTl,  specifically  rows  15  and 
26,  and  column  5. 

Program  EQUI  used  linear  interpolation  on  the  results  from 
POTl  and  P0T2  to  calculate  the  coordinates  of  the  equipotential 
line  for  any  specified  potential.  The  equipotential  lines  were 
then  plotted  with  typical  results  shown  in  Figure  2. 
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POTENTIi^  PROGRAM  POTl 
DIMENSION  U<5e..70> 

COMMON  P>^PHv;  12 KCK  3 ), PI , I , J. RAOL, RADS 
ChLL  SErtRCH<  2,.  ' TRAILS  M , 0 ) 

READk  1..205>Pl..R 
205  FORMAT^Fe  0.F8  2> 

READU.-300>K1,N 
300  FORMAT^.  I2  >12  > 

IJRITE<  1..707>P1,R,K1,N 

ror  FORMATv  •P1=*  ..F9  2.5X, 'R»' ,F9.2.5X,  * I»M2,5X, 
C ■ J= ' 12  > 

DIA=4 

RA0S=DIA^2. 

RADL=Kl-*-RAOS 
C»0  3 L=l,3 
3 Ke^L>=l 
MPP=N♦R^«)S 
F=0 

H=DIA+N 

K2=K1+DIA 

DO  5 1=1,50 

DO  5 J=l,70 

IF<  I+J.EQ.2>  GO  TO  5 

CALL  BC(APP,PHI> 

0<  I , J >=PHI 
5 CONTINUE 
DO  10  J=N,M 
DO  10  I*Kl.K2 
10  ^XI,J)=1.0 
DO  15  J=l,21 


best  available  copy 


81 


15  IK1,J>=1.0 
DO  52  I»l,21 
52  »>K2  ,I>=0 
IM,22>»0 
DO  54  I*Kl,K2 
CKI..N>=Pl 
54  'AI.M>=P1 
DO  60  J=N,M 
•AKl.  J)«P1 
60  'vKK2.J)*Pl 
1 3*0 
K*K+1 

DO  69  J*23 1 69 

0=<  aK  1 , >1  )+4»U<  2,  J )+U<  1 , J-l ) )/6 MX  I . J ) 
S=S>»‘ABS(D) 

69  'Al,  J)»U<l,JHO 
KR=3 

DO  70  J-2.22 
IF<;  J.EQ.22.  ) KR«2 
DO  70  I«KR.49 

0*.25*<U<I.A»-1  H0<I,J-IMXUI,JMXI-1,J)) 
D=0+(  ^ < 8»<  I-l  > ) )»(  U<  I+l , J MX  I-l / J ) )-U<  I / J ) 
S«S-K«S<D) 

70  U<  I.  J>=V<I.JHO 
DO  72  J«23,69 

IF<J  EQ.N)  GO  TO  700 

71  DO  72  I ■2. 49 

D« . 25*<  UC  I , 1 HIX  I / J- 1 HIX  I ♦ I , J MX  I - 1 . J ) ) 

D=D-K  l/(  8»<  I-l  ) ) >«<  <X  I+l  # J >-y<  I-l . J ) )HK  I , J ) 
S=S+8BS<D> 
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72  OU . J I , J HD 
KP=l 
KF=2 
KR=K1-1 

76  DO  74  J=N..M 

DO  74  i=kf,k;r 

D=  .25l!<tM.  J+1  HU<  I,  J-l  HOC  1+1/ JHO<  1-1/ J)) 
D=D+'.  1 C 8»<  I-l  ) > )*<  IK  I+l / J )-CK  I-l , J ) HOC  I , J > 
5-S+rtBSCD> 

•J  - 1 ..  J .HCK  I / J >+D 

74  IF-.J.EQ  ri>  GO  TO  800 
300  KF=K2+1 

KR=49 

IF^^P.EQ.5^  GO  TO  75 
KP=5  0 
GO  TO  76 

75  liF;ITE<  1..203>S 
IFCS.GT  R)  GO  TO  1 
WRITE<1..200)K 

L=1 
LI  ^8 

DO  91  LN=l/6 
DO  90  >1/70 

90  WF;ITE(  5/201XIKI..J)/  I=L/L1) 

L=LN»8-H 

91  Ll=L+7 
GO  TO  701 

700  J=M+1 

iGO  TO  71 

701  CONTINUE 


r.jr.jr.j 


CALL  SEARCH<:4,0>1..0) 

01  F0RMAT<;8<F9.2)> 

00  FORMATvlHl,l0X. 'NUMBER  OF  ITERATIONS M5) 
03  FORMAT<10X,F10  4> 

CALL  EXIT 
END 

SUBROUTINE  BC(CIJ,PHI> 

DIMENSION  X<12>,P<12> 

COMMON  PALPH<12>..KQ<3),PM,J,RA0L,RA0S 

CON=. 0001905 

A*RAOL»CON 

B=RAOS»CON 

IF<KQ<2.VEQ  1)  GO  TO  800 

4 FCJ=(CIJ-1>»C0N 
FJ»(J-1>»C0N 
FI=<:  I-l  )»C0N 
KQ<3>*I‘:Q<3>+1 
IF<:kQ<3>  EQ  2)  GO  TO  21 

5 IF<KQ<2>.GT.l)  GO  TO  6 

2 1 COSA=<  FC J )/<  ( A»A-K  FC J )**2  )*» . 5 > 

Y=COSA 
KQ<2>*3 
GO  TO  9 

6 R=<  F J»»2 . ♦F I ttZ . )»» . 5 
C»<  AJ|cA+<  FC  J >tt2 . )«» . 5 
IF(R-C>30,-32,32 

30  BIG»C 
SM=R 
GO  TO  8 
32  BIG=R 


best  available  copy 
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SM-C 

8 V=FJ  R 
8 DO  10  M=1 . 12 
10  >aM>=V:»:»M 
P'v  1 >=Xi.  1 > 

P-:  2 1 . . 2 >.♦<  34:X(  2 >-l  > 

P'.  3 >=■.  1 . --I . >t(  5*X<  3 >-3»X(  1 ) > 

P . 4 .->=<.  1 . 8 . m 35.1:X<  4 >-30»X(  2 >+3  ) 

P . 5 ■=•.  1.8.  >»<.  63»X(  5 >-7dm  3 :m-15»X(;  1 ) ) 

P . 6 >=<  1 . 16  >t<  231»X<  6 .>-315$X<  4 )+105»X(  2 >-5  ) 

P'.  r '•=•;  116  >♦<  4294;X<  7 .>-693»X<  5 >+3l5»X(  3 >-35» 

C.  1 '•  ;■ 

P>.  3 ( I '1 28  >»«  6435»X<  8 )- 1 20 1 2»X<: 6 >+6930»X<  4 > 

C - 1 2604X<  2 >+35  > 

P'.  9 >=•.  1 . -128  m 12155»X<:  9 >-25746 . »X<  7 >+18018 
C i;  5 -4620  m.  3 >+315*X<  1 > > 
p'  10  '■=•:  1 256 . >»•:  46139 . »X<:  10  >-109395 . »X<  8 > 

C +90090  tK(  6 >-30030  4X<  4 >+3465 . »X<  2 >-63 ) 

P-  1 1 •=•  1 - 256  H(  88179 , t>«  1 1 >-230945 . ♦X<  9 )+ 
C21S790  »:'X  7 >-90090  . %)■<,<  5 H15615  tX<  3 V-693 . liXU  > > 
P-  12  ■=■:  1 -1024  >t<  676039  *X<  12  >-1939938 . *X<  10  > 

C +2078505  »X'  S >-1021020  »X<6>+225225.l:X<4>-18018. 
C4:X2>+231  ) 

IF-  KG".  2 > EQ  3 > GO  TO  960 
SiJM=0 

DO  20  M=1  12 

20  8Uri=SUM+<  ( 1 ' B I G >*(  < SM/B I G >»»M  > >»PALPH<  M )»P<  f1  > 
568  F0RMAT(:3':5X,F9  2>> 

PH  I =1  O'  1 >t<  ( I / BIG  >+SUM  > 

IF-  KGK3  • EQ  2>  GO  TO  850 


1 
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IF(KQ'.2).EQ.7)  GO  TO  901 
KQ< 1 )=<  Pl»<  B/( < P»A+B»B . 5 ) ) )/PHI 
rer  F0RrwT<;4*;Ei5  5.3X)) 

KQ^2>=? 

GO  TO  4 

300  DO  50  M=1.12 
50  PrtLPH<M>=P<M> 

KQ<2>=5 
GO  TO  5 

300  FCJ=5  »CON 
FJ=FCJ 
FI*0. 

GO  TO  5 
S50  KQ<2>=7 

301  RETURN 
END 

BOTTOM 
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^ AO-AO«^«  0«9 


uncussifiu 


0IIC90N  OftAOUATE  CCNTEK  BEAVERTON  F/9  20/3 

FIELD  ELECTRON  AND  ION  SOURCE  RESEARCH  FOR  HXSH  DENSITY  INFORMA— ETC (U) 
MAY  77  L M SMANSONr  A E BELL»  J ORLOFF  F39619-76-C-1327 

AFAL-TR-77-92  NL 


20P2 

AO 

4046043 


[ 


C POTENTIAL  PROGRAM  P0T2 

DIMENSION  P<5l..l01),U<6/28) 
CALL  SEARCH<l>''TRAILBM/0) 
CALL  SEARCHES, "DASFFF", 2, 0> 
REhCK1.203>R 
Z03  F0RMAT<F9  2> 

DO  5 K=l/26 

5 READ<5,20?XWI.K),  I«l,6) 
DO  6 Jsl6/26 
DO  6 1=1,5 

3=':'vKI-H,J)-U<;i,  J>)/10 
DO  6 L«l,10 
K=<(I-1 

N=<CJ-16>»10H1 
P.  K,  N >*(  S*<  L-1  ) >KK  I , J > 
IF-.N  EQ  101)  GO  TO  6 
D*3  6 M=l,9 
MN=N+M 

6 pa;:,MM>=P<K,N> 

DO  7 >16,25 
S=<  'vK  6,  J+1  )-U<  6,  J ) )/10 
DO  7 L»l,10 
K=<O16>»10)>H. 

7 p<  5i,k:>*<;s«<L“1)>hk6,j) 
P<51,101>*U<6,26> 

DO  10  >46,61 
I=62-J 
DO  9 L=1,J 

9 P<  I,L>1.0 
10  P<:i,J>0 

i 


era  AVAIIABIE  COPY 


00  U J^l.46 
11  P'w  16^  J>»0 
1 S^O 

00  20  >62,100 

0=<  < P<  I / >1  >*4»P< 2,  J HP<  1 , j-1 ) V6 )-f<  I , J) 
S«S+t«S<0> 

20  Pa,J)«P<l,JHO 
00  21  >62,100 
00  21  1-2,50 

0= . 25*<  P<  I , >1  )♦«  I , J-l  HP<  !♦! , J HP<  I-l , J ) ) 
0-0-K  lA  WC  1-1 ) > )*< P<  !♦! , J >-P<  I-l , J > >-P<  I , J > 
S-S-^ABS<0> 

21  P<I,J>»P<I,JH0 
DO  22  >47,61 
N-63-J 

DO  22  I-N,5e 

0= . 25|[(  P<  1 , >l  HP<  1 , >l  HP<  !♦! , J HP<  1-1 , J » 
D-O-K  l/< 8»<  I-l ) > )*<  P<  !♦! , J )-P<  I-l , J »-P<  I , J ) 
S=S>ABSCD> 

22  Pa,J>-P<I,J>K) 

DO  23  >2,46 
DO  23  1-17,50 

0- . 25*<  P<  1 , >1  HP<  I , >1  HP<  !♦! , J Hf<  I-l  > J » 
D=CH<  l/<  8»<  I-l » >»<  P<  !♦! , J )-P<  1-1 , J »-« I , J ) 
S-S>0BS<0> 

23  P<I,J)-P<1,JH0 
URITE<1,204>S 

204  F0Rri0T<ieX,Fie.2> 

IFCS.GT.R)  GO  TO  1 
00  25  1-1,50 
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00  25  J»l>10e 

25  IF<.PU,J>.EQAKl,26V2>  P<I,J)«1 
L=1 
Ll=8 

00  30  LN=1.6 
00  31 

31  HRITE<;6..201XP<I,J>,  I«L>L1) 
L=LN1t3'*-l 
30  Ll=L-*-7 
07  rORMAT<6<F9  2>> 

call  SEARCH<4,0,1.0> 

CALL  SEARCH<:4/e.2*e> 

:01  F0RmT':8':F9.2>> 

CALL  BsIT 


i ^ 

i i 


c 


! 


i 


PROGRAM  EQUI 

DIMEKSION  U<Sea01>i>«8> 
CALL  SEARDKl^ 'TRAILBM^ 


e> 


J=0 

L»0 

REACK  1.204  >MJ/ MR 
DO  5 K»l.-MR 

REACK  S. 205 X X< I ) , 1*1 / 8 ) 


-NJ+1 

DO  6 M*1.8 
N=(:8»L)>M 
6 WN.J>»>«M> 

IF<J.EQ.MJ)  GO  TO  700 
CO  TO  5 
700  J=0 


L«L^1 

5 CONTINUE 
205  F0RI1AT<8(F9  2>> 
REACK  1.200  )KM 


50 


DO  2 K=1.KM 

READ<  1.201  )N.N1.M.M1.P1 
MRITE<  4. 203  )N.  N1 . M,  Ml . PI 
DO  2 1-N.Nl 
DO  2 J*M  . M1 

IF<U<I.J>.EQ  PI)  GO  TO  101 
IF<IKI,J).CT.P1.AND.U<I.J^1).LT.PI)  CO  TO 
IFC^XI.J^D.GT  Pl.AND  U<I.J).LT.P1)  GO  TO 
GO  TO  2 

Z=(  ( P 1 -U(  I . J ) ) A U<  I . > 1 )-0<  I . J » >♦<  J- 1 > 


50 

50 


GO  TO  8 


I 
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101  2*J-l 
8 LN»I-1 

MRITE<4.2e2Xi4.Z 
2 CONTINUE 

200  F0RHAT(I2) 

201  FORWT<4<I3).F6.0) 

202  FORmKlH  >10X.I3.10X,F8.3) 

203  FORmT(lHO.//8X.2<I3.2X.13.1»<)/F6.0) 

204  F0RmT<I4/I4) 

CALL  EXIT 
END 

BOTTOM 
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